RNA interference (RNAi) is a process through which exposure to double-stranded RNA (dsRNA) leads to the silencing of homologous genes, most often post-transcriptionally (Fire et al. 1998) . RNAi is a widespread phenomenon, being present in organisms ranging from fungi to mice (for reviews, see Bass 2000; Hammond et al. 2001; Plasterk and Ketting 2000; Sharp 2001 ). However, RNAi was first discovered as cosuppression, a response in plants, which leads to simultaneous silencing of exogenous transgenes and homologous endogenous genes (Napoli et al. 1990; van der Krol et al. 1990 ). In retrospect, it is clear that cosuppression is most likely provoked by dsRNA derived from the multiple transgene copies (Kooter et al. 1999; Chuang and Meyerowitz 2000) .
One of the natural functions of post-transcriptional gene silencing (PTGS) phenomena appears to be protection against molecular parasites (Ketting et al. 1999; Tabara et al. 1999; Mourrain et al. 2000; Dalmay et al. 2001) . Somehow, viruses and transposons activate the RNAi machinery, ultimately causing the silencing of these elements. The fact that many plant viruses encode proteins that counteract the PTGS response (Anandalakshmi et al. 1998; Kasschau and Carrington 1998; Voinnet et al. 1999; Lucy et al. 2000) indicates the critical nature of this host response.
A characteristic feature of PTGS and RNAi is the presence of low molecular weight RNA derived from either the PTGS-inducing transgene or the exogenous dsRNA, respectively (Hamilton and Baulcombe 1999; Hammond et al. 2000; Parrish et al. 2000; Zamore et al. 2000) . These small RNA molecules have been named guide RNA, or short interfering RNA (siRNA), and are present in a protein complex that can target homologous mRNA molecules for destruction (Hammond et al. 2000) by cleaving the mRNA molecule within the region spanned by the siRNA molecule (Elbashir et al. 2001) .
In Drosophila, an RNAse III-family nuclease called Dicer has been implicated in the production of siRNAs (Bernstein et al. 2001) . To study Dicer in a genetically accessible system we set out to develop an in vitro system that recapitulates individual steps of RNAi in Caenorhabditis elegans extracts. This has allowed us to verify that the predicted C. elegans Dicer protein, K14H4.8 (dcr-1), is indeed a functional ortholog of the Drosophila protein. Furthermore, we isolated a dcr-1 deletion mutant from a C. elegans deletion library, and show that this protein is required for RNAi, at least in the germ line.
Interestingly, the dcr-1 deletion mutant displays developmental abnormalities, reminiscent of phenotypes caused by loss of function of let-7, a gene encoding a small RNA essential for the proper timing of C. elegans development . This RNA, known more generically as a member of a class of small temporal RNAs (stRNAs; Pasquinelli et al. 2000) , suppresses the expression of target genes at the translational level by base-pairing to complementary sequences in the 3Ј UTR . The mature let-7 RNA is predicted to derive from a precursor RNA, which has the potential to form a stem-loop structure, creating a dsRNA molecule . We show that in vitro Dicer can process the let-7 precursor to its mature form, and that in vivo, in dcr-1 mutant animals, the levels of processed let-7 RNA are reduced, but the let-7 precursor RNA accumulates.
Considered together, our results show that the C. elegans DCR-1 and the Drosophila Dicer proteins are indeed functional orthologs; that DCR-1 is required for functional RNAi, at least in the germ line of C. elegans; and that Dicer is involved in the maturation of small RNA molecules that regulate developmental timing.
Results and Discussion
A cell-free system for C. elegans Dicer A signature feature of RNA interference and related gene silencing phenomena is the production of small, ∼22-nt [Key Words: RNAi; siRNA; PTGS; Dicer; development] RNAs termed guide RNAs or siRNAs. These have been observed in plants undergoing cosuppression or virusinduced gene silencing (Hamilton and Baulcombe 1999) and in C. elegans and Drosophila during RNA interference (Hammond et al. 2000; Parrish et al. 2000; Yang et al. 2000; Zamore et al. 2000) . In Drosophila, biochemical studies have indicated that siRNAs are produced by nucleolytic digestion of the dsRNA silencing trigger (Zamore et al. 2000; Bernstein et al. 2001) . To test whether siRNAs are produced by an evolutionarily conserved mechanism, we have taken a combination of biochemical and genetic approaches.
We prepared extracts from C. elegans embryos and tested these for Dicer activity, as evidenced by the ability to process long dsRNA into siRNAs. Such an activity is clearly detectable (Fig. 1a) . A comparison of reactions performed in parallel shows that Drosophila and C. elegans extracts produce siRNA species of different sizes (Fig. 1c) . In C. elegans, siRNAs produced in vitro are 23 bp in length, consistent with the size of siRNAs found in vivo (M. Tijsterman, R.F. Ketting, T. Sijen, R.H.A. Plasterk, and K. Okihara, unpubl.) . Drosophila siRNAs produced in vitro are predominantly 21 bp in length and comigrate with siRNAs that are associated with the RISC enzyme in S 2 cells (Hammond et al. 2000) . As was observed with Drosophila Dicer, longer dsRNAs are processed more efficiently, which correlates with the observation that long dsRNAs are more effective inducers of RNAi than are short dsRNAs ( Fig. 1d ; Fire et al. 1998; Parrish et al. 2000; Yang et al. 2000) .
We have previously proposed an RNAse III-family nuclease, Dicer, as a candidate for catalyzing the production of siRNAs (Bernstein et al. 2001) . The genome of C. elegans encodes a possible ortholog of the Drosophila Dicer protein, K12H4.8, which shares with Dicer a predicted domain structure comprising (from the N terminus to the C terminus) a helicase domain, a PAZ domain , dual RNAse III domains, and a double-stranded RNA-binding domain. We raised a polyclonal antiserum to the C terminus of K12H4.8. This antiserum specifically immunoprecipitated from C. elegans embryo extracts an activity that digests dsRNA into siRNAs (Fig. 1b) . These results suggest that K12H4.8 is indeed the functional ortholog of Drosophila Dicer, and we, therefore, refer to this gene as dcr-1.
DCR-1, like Drosophila Dicer (Bernstein et al. 2001 ), requires ATP for efficient cleavage, and ATP hydrolysis further enhances siRNA production (Fig. 1e) . We previously hypothesized that ATP hydrolysis by the helicase domain might drive a processive cleavage of dsRNA substrates by Dicer (Bernstein et al. 2001) . A prediction of this model is that examination of reaction intermediates might reveal a ladder of products. Indeed, we find that 500-bp dsRNA is shortened by DCR-1 in increments of ∼23 nt (Fig. 1f ). Reactions performed in extracts depleted of ATP produce only the first decrement of the ladder (data not shown). Furthermore, when a partial dsRNA is offered as substrate, the reaction terminates at the point where the RNA becomes single-stranded. Our results therefore suggest that DCR-1 converts dsRNA into siRNAs through a processive processing reaction, extracting energy for translocation along the dsRNA from ATP hydrolysis. This proposed mechanism is consistent with the observation that in vitro RNAi in Drosophila embryo extracts leads to cleavage of mRNA at characteristic ∼22-nt intervals (Zamore et al. 2000) .
dcr-1 is involved in RNAi
To test the involvement of C. elegans Dicer in RNAi in vivo, we isolated a deletion mutant of dcr-1 (Jansen et al. 1997) . Thus far, screens for RNAi-resistant mutants have yielded viable and fertile mutants (Tabara et al. 1999) . Animals homozygous for the dcr-1 deletion are, however, sterile. Oocytes are abnormal, and no fertilized eggs can be detected (Fig. 2a,b ). These defects can be partially rescued by introduction of a transgene containing a wildtype copy of dcr-1 (not shown). Fertilized eggs are formed in the presence of this transgene, but the eggs do not hatch, presumably because of loss of the transgene or To test whether dcr-1 animals are resistant to RNAi, we fed these worms dsRNA homologous to the unc-22 gene. Surprisingly, we observed a wild-type RNAi response. This might indicate that RNAi can proceed independently of Dicer activity. Alternatively, maternally contributed DCR-1 protein might be sufficient to generate an RNAi response. In fact, we have found that at least one other gene required for RNAi (mut-15; R.F. Ketting and R.H.A. Plasterk, unpubl .) displays such a maternal effect. It was expected that maternally contributed Dicer protein would be absent from the germ line of adult dcr-1 homozygotes. We therefore tested whether RNAi could be used to silence a GFP transgene that is expressed specifically in that tissue. Although RNAi is quite effective at silencing germ-line GFP in wild-type worms, dcr-1 homozygotes are RNAi-resistant (Fig. 2c-e) , and we conclude that Dicer is essential for RNAi in at least some tissues. We cannot exclude that there is a second pathway that induces RNAi in the absence of Dicer; however, we prefer the most parsimonious explanation: that the residual RNAi effects result from persistence of maternal Dicer protein.
dcr-1 is involved in developmental timing
In addition to being sterile, dcr-1 homozygotes show a number of additional phenotypic abnormalities. Among these is a defect of the seam cells in the L4-to-adult transition. These cells fail to fuse, and in some cases undergo an additional round of cell division (Fig.  3a,b) . As a result, the alae are absent in ∼60% (38/62) of the dcr-1(pk1531) homozygous animals. Interestingly, this phenotype is also characteristic of loss-of-function mutations in the let-7 gene .
The let-7 gene product is a small, noncoding RNA that regulates the timing of developmental events in C. elegans (therefore named small temporal RNA or stRNA; Pasquinelli et al. 2000) . Of interest, the let-7 RNA is 21 nt in length, and it has been hypothesized that the let-7 RNA is produced by post-transcriptional processing of a longer precursor that is predicted to form an extended hairpin structure, which may be a substrate for DCR-1 Sharp 2001 ). Regulation by let-7 occurs at the translational level and presumably is mediated by complementary base-pairing between let-7 and the 3Ј-untranslated regions of target genes .
One of the in vivo targets of let-7 is lin-41 , and the increased expression of this protein in let-7 mutants leads to the burst vulva phenotype. Interestingly, dcr-1 homozygous mutants also display a burst vulva phenotype, up to 80% (17/21), which can be rescued by introducing the wildtype dcr-1 gene. We tested if this phenotype can be partially suppressed by down-regulating LIN-41 protein through RNAi; and indeed it can: after RNAi of lin-41 we find only 25% burst vulva (5/20). This suggests that the burst vulva phenotype in dcr-1 mutant animals is at least partially caused by an up-regulation of LIN-41, and the epistatic effect is an indication that dcr-1 and lin-41 indeed act in the same pathway. Conversely, hypomorphic alleles of lin-41 have an Egl phenotype (an egg-laying defect), whereas null alleles of lin-41 are sterile owing to absence of oocytes . Accordingly, different levels of ectopic expression of DCR-1 might, via down-regulation of lin-41, induce an Egl phenotype or sterility. This is indeed what we find ( Fig. 3c ; results not shown). Although the phenotypes described above are not specific enough to directly imply dcr-1 as an actor in the let-7/lin-41 pathway, the phenotypic relationship between animals with altered DCR-1 levels and animals with alterations in the let-7/lin-41 pathway, are suggestive.
To test this more directly we took two approaches. Using Drosophila embryo extracts and immunoprecipitates as a source of Dicer, we tested whether Dicer could process Drosophila let-7 precursor RNA into its mature form in vitro. Indeed, the ∼75-nt hairpin was processed into an ∼21-nt mature RNA with a disproportionately high efficiency as compared to perfect duplexes of similar size ( Fig. 3d; data not shown) . Second, we asked whether the dcr-1 mutation had an effect on the levels of let-7 RNA in vivo. We find that levels of mature let-7 RNA are reduced in dcr-1 mutant animals, and that this reduction is accompanied by an accumulation of the longer let-7 RNA precursor (Fig. 3e) . Together this shows that dcr-1 is directly involved in the conversion of the double-stranded let-7 precursor RNA into the active, 21-nt species.
RNAi and development
RNAi and PTGS can clearly function to protect the genome against viruses and transposons ( Kasschau and Carrington 1998; Baulcombe 1999; Ketting et al. 1999; Tabara et al. 1999; Mourrain et al. 2000; Wu-Scharf et al. 2000; Dalmay et al. 2001 ). In addition, there is some evidence that factors involved in RNAi or PTGS also play a role in proper germ-line development (Bohmert et al. 1998; Jacobsen et al. 1999; Smardon et al. 2000) . We here show that at least one component of the RNAi machinery in animals, Dicer, also plays a role in generating small RNAs involved in developmental timing.
The mechanisms by which RNAi and stRNAs regulate the expression of target genes are quite distinct. In the former case, mRNAs are destroyed, whereas in the latter, expression is inhibited at the translational level. This raises the possibility that 22-nt RNAs produced by Dicer might act in multiple, distinct regulatory pathways that are not otherwise mechanistically related (Fig. 4) . Alternatively, the effector machinery may be shared by both processes, with an altered outcome of target recognition. The let-7 RNA is not perfectly homologous to its target substrates, and such a mismatch may inhibit the ability of RISC to cleave its substrates, effectively switching the mode of regulation from degradation to translational repression. It should be noted that let-7 is, most likely, not the only substrate for Dicer that is required for normal development. There may be many other endogenously encoded dsRNAs that are processed by Dicer to produce stRNA molecules, for example, lin-4 (Olsen and Ambros 1999) . For this gene it has been shown that the mismatch between lin-4 and its target is critically required for proper regulation (Ha et al. 1996) .
The 22-nt siRNAs that act in RNAi/PTGS have been found in multiple species (Hamilton and Baulcombe 1999; Hammond et al. 2000; Parrish et al. 2000; Yang et al. 2000; Zamore et al. 2000) . We have recently detected Dicer activity in extracts of plants and fungi (Nicotiana benthamiana and Neurospora crassa, A. Denli and G.J. Hannon, unpubl.; N. crassa and Phytophthora infestans, R.F. Ketting and R.H.A. Plasterk, unpubl.) . Thus far, stRNA genes (like let-7) have been identified in animals ranging from C. elegans to humans . Considered together, these observations suggest conserved roles for Dicer proteins in both dsRNA-in- (e) A Northern blot on which RNA from wild-type and mutant animals is probed for let-7; U6 was used for a loading control. (Lanes 1,2) RNA from L4-stage wild-type and dcr-1(pk1351) homozygous mutant animals, respectively. The processed let-7 signal drops 10-fold (corrected for loading) in the dcr-1 mutant population, and the longer let-7 precursor RNA accumulates. We find a similar result (twofold reduction of the processed let-7) when we inhibit dcr-1 by RNAi, as shown in lanes 3 and 4; the RNA in these two lanes was isolated from adult animals. . Dicer may be involved in two distinct processes, both of which require the processing of dsRNA into small RNA (stRNA, small temporal, or regulatory; or siRNA, short interfering). One of these pathways (dsRNA-induced) leads to RNA degradation via the RISC complex and RNAi. The second pathway (let-7-dependent) leads to translational suppression via interaction between endogenous, small temporal RNAs and their mRNA targets. In the stRNA branch the double-stranded precursor and the match between stRNA and target RNA are not perfect (at least for let-7 and lin-4). We indicate this by including a bulge in the dsRNA molecules. This is not intended to specify size or number of mismatched regions. duced silencing and in regulating developmental timing. Ironically, small temporal RNAs have yet to be identified in plants, in which developmental defects have been associated with mutants in the RNAi machinery (Bohmert et al. 1998; Jacobsen et al. 1999 ). It will therefore be of interest to determine whether small temporal RNAs also regulate developmental timing in plants and to investigate whether this mode of gene regulation might also extend to nondevelopmental programs of gene expression.
Materials and methods
In vitro processing reactions C. elegans embryonic extracts were made from eggs isolated from pos-1 dsRNA-fed mothers. They were resuspended in 0.5 volume of lysis buffer (10 mM Hepes at pH 7.0, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EGTA, 10% glycerol, 1 mM DTT, protease inhibitors; Roche). The eggs were ground in a dounce tissue grinder. The lysate was cleared by spinning 10 min at 12,000g. The supernatant was frozen at −80°C. Drosophila embryos and S2 cell extracts were prepared and all processing reactions were performed as described (Bernstein et al. 2001) .
Antibody production and immunoprecipitation
Polyclonal antisera were raised against a protein fragment encoded by the two C-terminal exons of the K12H4.8 gene. The protein fragment was isolated from inclusion bodies and further purified using a C-terminal 6×His tag. Both rabbits produced antibodies that are capable of precipitating a fraction of the Dicer. Immunoprecipitations were performed as described (Bernstein et al. 2001 ) except that 100 µL of C. elegans extract was incubated with 10 µL of preimmune or immune serum at 4°C for 1 h.
K12H4.8 deletion mutant
The deletion allele pk1351 of K12H4.8 was isolated from a C. elegans deletion library (Jansen et al. 1997) . pk1351 deletes 1629 nt, starting at base pair 2132 in K12H4.8 (in an intron), removing part of the helicase domain and part of the PAZ domain. Splicing to exons further downstream leads to frameshifts and early stops. Most likely this is a null allele of K12H4.8. The deletion allele was followed by PCR, using primers K12F21 and K12R21. The wild-type allele was visualized using primers K12F21 and K12R22. The mutant was outcrossed seven times with Bristol N2. The sterility and burst vulva phenotype cosegregated perfectly in these crosses. The experiments described here were all done with the outcrossed deletion mutant.
Transgenics
A PCR fragment was made using AccuTaq (Sigma) that contains the complete K12H4.8 plus 500 bp of the upstream region. A transgene (pkEx1415) was made from a mix of linearized pRF4 plasmid DNA at 5 ng/µL, PCR fragment at 1 ng/µL, and PvuII-digested genomic DNA at 100 ng/µL. pkEx1415 results in an Egl phenotype (>80%) and partially rescues dcr-1(pk1351). A heat shock promoter fusion (hsp16_2::dcr-1) was made by PCR: primers hspA and hspB were used to make the promoter fragment and hsp-dcr and K12H4.8 R1 to make the dcr-1 fragment. The two PCR products were fused using primers hspC and K12H4.8 R2. This product was injected at 50 ng/µL, together with pRF4 at 50 ng/µL. Among the F 1 transgenics grown at 15°C, 7 out of 70 displayed the phenotype shown in Figure 3c . One line was obtained (pkEx1416), reproducing the sterility phenotype when the animals are heat shocked at the L3 stage, at 30°C for 2 h. Sequences are available on request.
Seam cell analysis
The seam cells were visualized using the jcIs1 transgene. Animals containing this transgene were grown at 15°C. Of the dcr-1(pk1351) mutant animals, 60% (38/62) displayed no alae, and showed the seam cell defect depicted in Figure 3b . This phenotype and the burst vulva phenotype become less penetrant at higher temperatures. This temperature effect may be explained by a better activity of maternally contributed protein at higher temperatures, as also found in the in vitro assay (data not shown).
RNAi assays
RNAi against unc-22, dcr-1, and gfp was performed by feeding Eschericha coli that expresses dsRNA (Fraser et al. 2000) . Weak dcr-1 phenotypes became apparent after culturing the animals on food expressing dcr-1 dsRNA for three generations: animals started to develop protruding vulvas, a low level of sterility was detected, and an accumulation of let-7 precursor RNA was detected. Apparently it is possible to lower the activity of a gene required for RNAi by performing RNAi against this gene. Similar results were obtained in Drosophila (Bernstein et al. 2001 ). The GFP dsRNA-expressing clone (L4417) was obtained from A. Fire (Carnegie Institution of Washington, Baltimore, MD). The GFP-expressing transgene that was used to assay RNAi in the germ line is ruIs48[pAZ147: pie-1/tubulin/GFP fusion], from strain AZ235.
RNA analysis
RNA for the Northern blots was isolated from 800-2000 young adult animals displaying the dcr-1(pk1351) phenotype, or from young adult N2 animals, fed with normal food, or with dcr-1 food. RNA was run on a 15% denaturing acrylamide gel. Radiolabeled DNA complementary to the let-7 mature RNA was used as probe.
